We have determined the crystal structure of the GDP complex of the YjeQ protein from Thermotoga maritima (TmYjeQ), a member of the YjeQ GTPase subfamaily. TmYjeQ, a homologue of Escherichia coli YjeQ, which is known to bind to the ribosome, is composed of three domains: an N 
T
he GTPase superclass can be divided into two large classes: TRAFAC (named after translation factors), including enzymes involved in translation (initiation, elongation, and release factors), signal transduction (in particular, the extended ras-like family), and SIMIBI (after signal recognition particle, MinD, and BioD), consisting of signal recognition particle GTPases and metabolic enzymes (1) . The YlqF͞YawG family belonging to the TRAFAC superclass consists of five distinct subfamilies, typified by the proteins YlqF, YqeH (both from Bacillus subtilis), YjeQ (from Escherichia coli), MJ1464 (from Methanococcus jannaschii), and YawG (from Schizosaccharomyces pombe; ref. 1). All of these protein sequence show a circular permutation of the GTPase signature motifs.
Members of the YjeQ subfamily are broadly conserved in bacteria. YjeQ from E. coli and B. subtilis has been shown to be indispensable for cell growth (2) . Proteins of the YjeQ subfamily contain all sequence motifs typical of the vast class of P-loopcontaining GTPases (3), but show a circular permutation in sequence (Fig. 1) . All of the YjeQ subfamily proteins display a unique domain architecture composed of a predicted N-terminal oligonucleotide͞oligosaccharide binding (OB-fold) RNAbinding domain, a central permuted GTPase module, and a C-terminal cysteine cluster forming a zinc-finger motif (4) . This domain architecture suggests a possible role for YjeQ as a regulator of translation. In vitro, recombinant E. coli YjeQ protein interacted strongly with the 30S ribosomal subunit, with high affinity in the presence of the nonhydrolyzable GTP analog 5Ј-[␤,␥-imido]triphosphate. Likewise, association with the 30S subunit resulted in a 160-fold stimulation of E. coli YjeQ GTPase activity, which reached a maximum with stoichiometric amounts of ribosomes. It is also noteworthy that stoichiometric amounts of E. coli YjeQ in a cell is Ϸ1 per 200 ribosomes, implying a critical but narrow role in a subset of translating ribosomes (5) .
To elucidate the molecular function of the YjeQ subfamily, we have determined the three-dimensional structure of YjeQ from Thermotoga maritima (TmYjeQ; gi 4981923) that shows 34% sequence identity with E. coli YjeQ (Fig. 1) and discussed its structural characteristics in relationship to its function.
Materials and Methods
Cloning of TmYjeQ. The sequence encoding TmYjeQ was amplified by the PCR from T. maritima genomic DNA (American Type Culture Collection) using Deep Vent DNA Polymerase (New England Biolabs, Beverly, MA). The resulting PCR product was purified and prepared for ligation-independent cloning (6) by treatment with T4 DNA polymerase in the presence of 1 mM dTTP for 30 min at 37°C. The prepared DNA was then mixed with a pB4 vector for 5 min at room temperature and transformed into DH5␣. This pB4 vector was designed in our laboratory to express the target protein together with an Nterminal His 6 tag-maltose-binding protein fusion containing a tobacco etch virus protease cleavage site. Clones were screened by plasmid DNA analysis and were transformed into BL21(DE3)͞pSJS1244 for protein expression (7).
Protein Expression, Purification, and Crystallization. A selenomethionine derivative of the protein was expressed in a methionine auxotroph, E. coli strain B834(DE3)͞pSJS1244 (7), grown in PASM medium [W. Studier, Brookhaven National Laboratory (Upton, NY), personal communication] supplied with selenomethionine (8) . Cells were disrupted by microfluidization (Microfluidics, Newton, MA) in 50 mM Hepes, pH 7.0͞300 mM NaCl͞1.0 mM PMSF͞10 g/ml DNase͞0.1 g/ml antipain͞1 g/ml chymostatin͞0.5 g/ml leupeptin͞0.7 g/ml pepstatin A, and cell debris were pelleted by centrifugation at 10,000 rpm for 20 min in a Sorvall centrifuge. The supernatant was then spun in a Beckman ultracentrifuge Ti45 rotor at 35,000 rpm for 30 min at 4°C. The fusion protein was affinity-purified by using two 5-ml HiTrap chelating HP columns (GE Healthcare, Piscataway, NJ) in order on an ÅKTA Explorer chromatography system (GE Healthcare, Piscataway, NJ). The fusion proteins was bound to the column in 50 mM Hepes, pH 7.0͞300 mM NaCl and was eluted in a gradient of 10-400 mM imidazole with 13 column volumes. Fractions were pooled and dialyzed overnight at room temperature against 50 mM Hepes, pH 7.0͞0.1 M NaCl͞5 mM 2-mercaptoethanol͞10 mM imidazole in the presence of a tobacco etch virus protease. After centrifugation, the supernatant was applied onto a 5-ml HiTrap metal chelating (Ni 2ϩ ) column. The cleaved recombinant protein was found in the flow-through. Dynamic light scattering (DynaPro 99, Proterion, Piscataway, NJ) showed a single monodisperse peak, indicating homogeneity of the protein. Further purification was performed by using anion-exchange chromatography. The protein was eluted in 20 mM Tris⅐HCl, pH 7.5͞300 mM NaCl. SDS͞PAGE showed one band of Ϸ35 kDa, corresponding to the molecular weight of TmYjeQ. The final protein contains six glycine residues at the N terminus, designed to help tobacco etch virus proteolysis. The protein was concentrated to 8.1 mg͞ml for crystallization.
Screening for crystallization conditions was performed by using the sparse-matrix method (9) with several screens from Hampton Research (Laguna Niquel, CA) and Wizard Screen (deCODE genetics, Bainbridge Island, WA). The crystallization robot ''Hydra Plus-One'' (Matrix Technologies, Hudson, NH) was used to set the screens by using the sitting-drop vapor diffusion method at room temperature.
In the optimized crystallization conditions, 1 l of the protein solution was mixed with 1 l of the well solution containing 0.2 M KCl, 0.1 M Tris⅐HCl (pH 8.0), 15% polyethylene glycol 3350, and 10 mM guanidine HCl by using the hanging-drop vapor diffusion method. A thick plate-shaped crystal grew in 1 week to approximate dimensions of 0.2 ϫ 0.1 ϫ 0.03 mm 3 .
Data Collection and Reduction. Polyethylene glycol 3350 concentration of the well solution was increased to 30% and the hanging drop was allowed to equilibrate overnight. One microliter of the reservoir solution was added to the hanging drop and incubated overnight for equilibration before being flash-frozen in liquid nitrogen and exposed to x-rays. X-ray diffraction data sets were collected at single wavelengths at the Macromolecular Crystallography Facility, beamline 5.0.2, at the Advanced Light Source at the Lawrence Berkeley National Laboratory by using an Area Detector System (Poway, CA) Quantum 4 charge-coupled device detector placed 280 mm from the sample. The oscillation range per image was 1.0°with no overlap between two contiguous images. X-ray diffraction data were processed and scaled by using DENZO and SCALEPACK from the HKL program suite (10) . The synchrotron data were collected to 2.8 Å. Data statistics are summarized in Table 1 The initial single-wavelength anomalous dispersion phases were further improved by solvent flattening with three-fold noncrystallographic symmetry matrices by using the program RESOLVE (11) . The best interpretable map was found from 20.0-to 2.9-Å resolution data with the FOM of 0.57. The three molecular models in the asymmetric unit were built by using the program O (12). The preliminary model was then refined by using the program CNS (13) . The reflections in this data set between 20.0 and 2.8 Å were included throughout the refinement calculations. Ten percent of the data were randomly chosen for free R factor cross validation. The refinement statistics are shown in Table 2 . Isotropic B factors for individual atoms were initially fixed to 20 Å 2 and were refined in the last stages. The 2 F o Ϫ F c and F o Ϫ F c maps were used for the manual rebuilding between refinement cycles and for the location of solvent molecules. Atomic coordinates have been deposited in the Protein Data Bank (PDB; ID code 1U0L). 
Results
Quality of the Model and Overall Structure. The final models include three molecules in the asymmetric unit. All three models include 278 of 295 residues. Each monomer contains one GDP molecule and one zinc atom, although it was not added during purification and crystallization. The final models have been refined at 2.8-Å resolution to a crystallographic R factor of 21.8% and free R factor of 28.4% (Fig. 2) . The averaged B factors for main-chain and side-chain atoms are 55.6 and 61.6 Å 2 , respectively. In the TmYjeQ models, two N-terminal, two C-terminal residues, and a loop between the H4 and ␤12 (residues 191-203) are undefined in the electron density map. Table 2 summarizes the refinement statistics as well as model quality parameters. All residues lie in the allowed region of the Ramachandran plot produced with the program PROCHECK (14) .
The C␣ trace of the atomic model of TmYjeQ is shown in Fig.  2 . The monomer has approximate dimensions of 75 ϫ 55 ϫ 25 Å 3 . TmYjeQ consists of three domains: an N-terminal fivestranded ␤-barrel domain, a central ␣͞␤ domain, and a Cterminal all-␣ domain. The three monomers in the asymmetric unit form a triangular quaternary structure. The self-rotation function also revealed the presence of a noncrystallographic threefold symmetry along the C axis with few degrees off.
However (Fig. 3) as opposed to the regular G1-G2-G3-G4-G5 pattern seen in most GTPases (3) . A lot of circularly permuted proteins have been recognized, mainly by sequence comparison, comparing their three-dimensional structures, and searching the database with the program SHEBA (21) .
N-terminal OB-fold Domain. The N-terminal domain of TmYjeQ revealed two three-stranded antiparallel ␤-sheets where the first strand is shared by both sheets often found in a Greek key motif, the OB fold (22) . As shown in Fig. 2 , ␤-sheets pack orthogonally, forming a five-stranded ␤-barrel arranged in a 1 1 2 2 3 1 5 1 4 2 1 1 topology. The OB-fold domain is a compact structural motif frequently used for nucleic acid recognition originally named for its oligonucleotide͞oligosaccharide-binding properties. The highly conserved residues, Arg-33 and Gly-46, of the TmYjeQ subfamily are characteristic sequences of the OB fold. One noteworthy property of the TmYjeQ OB-fold domain is its simplicity. Usually, the size of OB folds ranges from 70 to 150 aa in length. Therefore, Ϸ66 residues of the TmYjeQ OB fold classifies itself as one of the smallest OB folds due to the absence of long insertions among loops usually found in other OB-fold proteins. Such a small OB-fold domain is also found in NusA, a protein known to interact with nonspecific mRNA (23) .
When the OB-fold domain of TmYjeQ is aligned with that of tRNA-bound aspartyl tRNA synthetase (rms deviation of 3.3 Å for 64 C ␣ atoms; PDB ID code 1B16), the positive surface of TmYjeQ is aligned with the bound tRNA surface of aspartyl tRNA synthetase. The positively charged putative RNA-binding surface of TmYjeQ is centered on ␤2, ␤3, and Loop L1, corresponding to the substrate-binding surface of other OB-fold domains (22) .
C-terminal Unique Zinc-Finger Domain. The C-terminal domain (residues 233-295) of TmYjeQ is composed of one 3 10 -helix, two ␣-helices, and long loops. Interestingly, three cysteines (Cys-250, Cys-255, and Cys-263) and one histidine (His-257) in this domain are conserved in the sequence alignment (Fig. 1) . The PSI-BLAST search with the C-terminal sequence showed that the C(F͞h) (F͞Y)xxCxHxx(E͞D)xxC motif is solely found in the YjeQ subfamily. The crystal structure revealed that these residues are coordinated to zinc ions, forming a zinc-finger motif (Fig. 4) . Zinc fingers are protein domains in which the tetrahedrally coordinated zinc contributes to the structural stability of domain. However, the DALI (24) search of the C-terminal domain shows a remote structural similarity to a portion of a DNA-repair protein, rad51 fragment (rms deviation of 2.6 Å for 48 C ␣ atoms; Z ϭ 2.6, PDB ID code 1B22), which does not contain a zinc-finger motif. Therefore, the zinc-finger motif of TmYjeQ is structurally unique to perform its specific function. In general, structurally diverse zinc fingers among proteins perform a broad range of functions in various cellular processes, such as transcription and translation and in interaction modules to various substrates (25) .
One more interesting feature of the C-terminal domain is the presence of highly conserved Phe-252 binding with a hydrophobic patch of the OB-fold domain of another molecule in the asymmetric unit. Together with Phe-251, Phe-252 contributes to the formation of a trimeric TmYjeQ in the asymmetric unit. Considering the high affinity of E. coli YjeQ to the ribosome, the crystal structure suggests that highly conserved Phe-252 is one of the key binding residues recognizing DNA, RNA, or is involved in protein-protein interaction. The sequence comparison (Fig.  1) shows highly conserved negatively charged Glu-260 and highly conserved positively charged residues instead of hydrophobic residues in the position of Phe-251 of TmYjeQ (Fig. 4) . In summary, this region is a good candidate for the potential species-specific recognition site necessary for proper molecular function.
Structural Comparison Between the TmYjeQ GTPase Domain and ras
Protein. The structural studies of apo, GDP, and GTP analogbound ras protein complexes elucidated that GTP binding and its hydrolysis is associated with conformational changes of two polypeptide chain segments (Fig. 5) , switch I (residues 30-38) and switch II (residues 60-76) (17) (18) (19) (20) . In ras protein, switch I (containing the G-2 loop) coordinates the ␥-phosphate moiety of a GTP analog and a bound Mg 2ϩ in the GTP analog complexes (11) . Switch II, encompassing the G-3 loop, also interacts with the GTP ␥-phosphate moiety in ras protein. The major structural differences between TmYjeQ and ras protein are found in the switch I and II regions. The switch I (loop between ␣2 and ␤12) of TmYjeQ is not visible in the crystal structure, implying an extremely flexible nature of the segment unlike that of ras protein (19) . The switch II region of TmYjeQ is composed of a long loop connected to the C-terminal zinc-finger domain. Therefore, conformational changes of the switch II region in TmYjeQ can be directly propagated to the downstream zincfinger domain. However, the spatial counterpart of the helical region (helix ␣2) of switch II in ras protein are the strands ␤6 and ␤7 connecting the GTPase and the OB-fold domains in TmYjeQ, resulting from the circular permutation (Figs. 3 and 5) . Because strands ␤6 and ␤7 of TmYjeQ are next to the switch II region, some communication between the N-terminal OB fold and the switch II region can be expected.
Interestingly, permutation of the GTPase domain of TmYjeQ occurs in the functionally critical switch II region. This finding implies that circular permutation is one of the ways of keeping the basic molecular function of proteins but diversifying the cellular function of proteins by changing some protein-protein or domain-domain interactions. Similar results were found in the phosphoserine phosphatase family where the circular permutation also helps the diversification of the cellular function of the family by insertion of more than one domain without altering their basic molecular function (26, 27) .
Predicted Domain Flexibility. As shown in Fig. 2 , there is no contact between the OB-fold and the zinc-finger domains. The averaged B factors of the OB fold, the GTPase, and the zinc-finger domains are 88.6, 46.3, and 60.3 Å 2 , respectively. The uneven distribution of the domain averaged B factors indicates the presence of a rigid body motion of the domains through connecting hinge loops. As expected from the averaged B factors, the interaction of the GTPase domain with the zinc-finger domain is relatively stronger than with the OB-fold domain. There are one salt bridge (Arg-243-Glu-106) and two salt bridge networks (Arg-278-Asp-99-Tyr-137 and Glu-288-Tyr-96-Lys-100) between the GTPase and the zinc-finger domains. On the contrary, there is only one salt bridge network (Lys-212-Glu-20-Tyr-218) between the OB-fold and the GTPase domains. None of the salt bridges are composed of conserved residues (Fig. 1) . In addition, few hydrophobic interactions are detectable between domains. Because the interactions between domains are weak, their interactions can be also easily abolished by a change in surrounding cellular conditions like pH and salt during interaction with the ribosome.
The solvent-accessible surface areas buried by the domain interfaces (per domain) are Ϸ700 Å 2 (between the OB-fold and the GTPase domains) and Ϸ800 Å 2 (between the GTPase and the zinc-finger domains). Therefore, the large contact area and weak interaction of domains suggest that conformational changes induced by binding and hydrolysis of GTP or interaction with other substrates can impact largely and propagate easily to neighboring domains due to the domain properties. In ras protein, the conformational difference induced by ␥-phosphate spans Ͼ40 Å. Considering the structural feature of TmYjeQ, the conformational changes induced by ␥-phosphate may be much larger because of the presence of domain flexibility. Some of the proteins such as RF1 (28) , RF2 (29) , and NusA (23) also require a large domain flexibility for proper function with the ribosome or RNA polymerase.
Structural Features Related to Biochemical Functions. N-terminal truncation variants of E. coli YjeQ revealed that the predicted OB-fold region was essential for ribosome binding and GTPase stimulation (5) . The crystal structure of TmYjeQ is consistent with this biochemical data. First, the electrostatic surface potential of the GTPase and the N-terminal OB-fold domains in TmYjeQ shows a continuous positive potential surface required for RNA binding (Fig. 6) . Second, as discussed above, the structural and surface properties of the two domains infer communication between the OB-fold and the GTPase domains. Therefore, the binding of DNA or RNA to the OB fold of TmYjeQ could modulate the GTPase activity of the GTPase domain.
E. coli YjeQ is an essential GTPase and is a factor in ribosome function participating in a guanine nucleotide-dependent interaction (4, 5) . The intrinsic GTPase activity was confirmed by using the catalytically impaired (Ser221Ala) variant of E. coli YjeQ, resulting in no stimulation of the GTPase activity by the 30S subunit (5) . Comparison of bound GDP of TmYjeQ with that of ras protein reveals that the bound state of both GDPs is quite similar. Many active-site residues and backbone nitrogen atoms involved in bound substrates are highly conserved as shown in Fig. 7 . Therefore, regions around the G-1, G-4, and G-5 loops interacting with the GDP moiety are structurally similar in both TmYjeQ and ras protein. However, the regions involved in interaction with the ␥-phosphate of GTP are quite different between TmYjeQ and ras protein. Because the ␥-phosphate moiety of GTP is expected to interact with the G-2 and G-3 loops, large conformational changes of the switch I and II regions of TmYjeQ should follow during GTP hydrolysis, as shown in ras protein (18) . Because the switch I region encompassing the G-2 loop involved in binding magnesium ion is flexible in the GDP-bound form of TmYjeQ, magnesium ion is not detected in the structure, unlike GDP-bound ras protein (18) . The GDP binding without the magnesium ion has also been reported in eRF3 from Saccharomyces pombe (30) .
All of these biochemical data, together with the crystal structure, imply that the flexible switch I region of TmYjeQ must experience conformational changes to stimulate the GTPase activity during GTP binding and its hydrolysis, perhaps from the unstructured loop in GDP bound form to a structured loop in the GTP bound form.
In summary, the crystal structure of TmYjeQ clearly shows structural features that support and explain the biochemical data of an E. coli homologue (4, 5): GTPase activity, intrinsic RNA-binding ability, and the correlation between the two activities. The circular permutation in GTPase domain provides a structural basis for understanding the coupling of GTPase domain and the OB-fold domain, which is likely to be involved in binding of RNA in ribosome, affecting translation. Thus, the crystal structure of TmYjeQ provides a structural framework for understanding the functions of all members of this family.
